The optimization and modulation of the properties of photochromic compounds, such as their activation wavelengths and thermal relaxation half-lives (τ 1/2 ), are essential for their adaptation in various applications. In this work, we studied the effect of co-planarization of the rotary fragment of two photochromic hydrazones with the core of the molecule on their switching properties. The Z and E isomers of both compounds exhibit red-shifted absorption bands relative to their twisted versions, allowing for their photoswitching using longer wavelengths of light. Additionally, the thermal half-lives of both hydrazones are drastically shortened from hundreds of years to days.
Planarization-Induced Activation Wavelength Red-Shift and Thermal Half-Life Acceleration in Hydrazone Photoswitches
Baihao Shao and Ivan Aprahamian* [a] The optimization and modulation of the properties of photochromic compounds, such as their activation wavelengths and thermal relaxation half-lives (τ 1/2 ), are essential for their adaptation in various applications. In this work, we studied the effect of co-planarization of the rotary fragment of two photochromic hydrazones with the core of the molecule on their switching properties. The Z and E isomers of both compounds exhibit red-shifted absorption bands relative to their twisted versions, allowing for their photoswitching using longer wavelengths of light. Additionally, the thermal half-lives of both hydrazones are drastically shortened from hundreds of years to days.
Photochromic compounds [1] that undergo reversible E/Z isomerization [2] or cyclization/ring-opening reactions, [3] are indispensable building blocks for the development of light-powered molecular motors and machines, [4] responsive nanoparticles and surfaces, [5] and switchable drugs (i. e., photopharmacology), [6] among others. For such applications, red shifting the activation wavelengths and modulating the thermal relaxation rates of the photoswitches are key components in the optimization of their properties. The former allows for the use of low energy light during switching thus enabling deeper tissue-penetration while lowering phototoxicity. [7] The latter property enables the kinetic trapping of the less stable isomer (if it is slow enough) [8] or the instantaneous thermal reversion of the photoreaction (if it is made fast), [9] thus defining what the photoswitches can be used for. The development of novel strategies that can help in modulating these properties in known systems, will contribute to the integration of photoswitches into diverse applications, in addition to opening the way for new functions and possibilities. [10] Our interest in hydrazone-based materials [11] recently resulted in the development of a new family of bistable hydrazone photoswitches (τ 1/2 of up to 5,300 years). [12] Structure-property analyses of the hydrazones led us to the observation that they adopt a uniform molecular geometry (based on their crystal structures) in which the rotor ring (red) is twisted out of the plane of the hydrazone core (Scheme 1). [13] This structural property explains why functionalizing the rotor ring with electron donating or withdrawing groups (EDG and EWG, respectively) has a lesser effect on the hydrazones' photophysical properties than derivatizing the stator ring (blue). We hypothesized that enforcing co-planarity on the entire molecule will enhance the conjugation in the hydrazone and thus red-shift its isomerization wavelengths. To this end, we synthesized two hydrazones (1 and 2; Scheme 2) where the rotary ring is linked with the ester group forming an isochromanone-like structure. As expected, compound 1 shows a~30 nm red shift for both the E and Z isomers relative to its uncyclized version (parent), whilst a further~20 nm red shift was measured for 2. Moreover, we found that the thermal relaxation half-lives of both 1 and 2 were accelerated by 4 orders of magnitude (i. e., τ 1/2 is days and not years).
Compound 1 was synthesized in a straightforward manner (41 % yield) by reacting 4-diazoisochroman-3-one (3) with freshly prepared phenyllithium in THF (Scheme 2). We previously found [13] that having a para-nitro substituent at the stator phenyl ring extends the conjugation in the system, resulting in a red-shift in the absorption spectra relative to the unsubstituted hydrazone, and hence we synthesized hydrazone 2 as well. The switch was obtained by reacting the keto ester derivative of 3 [14] with (4-nitrophenyl) hydrazine hydrochloride (14 % yield). The intermediates and final products were fully characterized using NMR spectroscopy (Figures S1-6), mass spectrometry, and X-ray crystallography (1; Figure S21 ). The NÀ H protons of 1 and 2 resonate at 12.71 and 12.83 ppm, respectively, indicating that the cyclization does not change the typical H-bond present in the hydrazone switches.
The characteristic H-bonded structure (NÀ H···O=C, 2.64 Å, 130.27°) 15 is also validated in the crystal structure of 1-Z. The compound has two different packing modes in the crystal, which can be differentiated by the centroid-to-centroid distance between the rotor and stator phenyl rings ( Figure 1a) . The loosely packed one features a distance of 4.06 Å, while a shorter distance of 3.87 Å was found in the other. Moreover, the X-ray crystallographic analysis offers a more straightforward view on the planarization of the rotary fragment. The dihedral angle between the two planes, where the rotary ring and the hydrazone backbone intersect in the parent switch was measured to be 43.5° (Figure 1b) , which is a typical value for the hydrazone photoswitches we have developed so far. In 1 on the other hand the dihedral angle in the tighter packed unit is 14.9° (Figure 1c ) and is slightly smaller in the looser packed one (8.9°; Figure 1d) . In both cases the number is much smaller than 43.5°, verifying that the rotary ring becomes less twisted relative to the hydrazone core upon cyclization.
We first studied the photophysical and photochemical properties of hydrazones 1 and 2 using UV/Vis spectroscopy. The spectral data of the pure E isomers (> 99 %) were difficult to determine experimentally, and hence were extrapolated following a previously reported method. [13] The absorption band of an equilibrated solution (toluene; dark) of 1-Z is bathochromically shifted by 31 nm relative to that of the uncyclized parent hydrazone, with an absorption maximum (λ max ) of 398 nm (ɛ = 27800 M À 1 cm À 1 ; Figure 2b ). Upon irradiation with 442 nm light, a new band at 369 nm appears (Figure 2b) , which was used to determine the absorption maximum of pure E to be 366 nm (ɛ = 22500 M À 1 cm À 1 ; Figure S9) . The E band is again shifted by 32 nm, implying that the enhanced conjugation is also retained in the less rigid (i. e., no intramolecular H-bond) E form. The reverse E!Z photoisomerization can be initiated using 365 nm light, and the switching process between the two isomers can be cycled multiple times with minimal photofatigue by alternating the irradiation wavelength between 442 and 365 nm ( Figure S11 ). As hypothesized, the absorption bands of the nitro-substituted compound 2 (Z: λ max = 415 nm and ɛ = 38300 M À 1 cm À 1 ; E: λ max = 384 nm and ɛ = 33400 M À 1 cm À 1 ; Figure 2d and Figure S10) are red-shifted compared to 1. The Z/E isomerization between 2-Z and 2-E can be induced by 442 and 375 nm light sources, and multiple switching cycles (10 tried) show no signs of fatigue ( Figure S12 ).
We next studied the photoswitching efficiency of 1 and 2 using NMR spectroscopy. Irradiation of a toluene solution of 1 or 2 (> 99 % Z) with 442 nm light induces Z!E photoisomerization, yielding an E-rich photostationary state (PSS) of 86 and 88 % E (Figures S7-8 ), respectively, with quantum yields (Φ) of 5.8 � 0.1 % (1) and 2.6 � 0.1 % (2). The reverse E!Z photoswitching of 1 and 2 ( Figures S7-8) can be triggered by 365 and 375 nm light sources, respectively, and yields PSS 365 consisting of 79 % Z (Φ E!Z = 12.0 � 0.1 %) and PSS 375 consisting of 88 % Z (Φ E!Z = 10.7 � 0.2 %). [16] The E!Z thermal relaxation rates of compounds 1 and 2 (Figures S19-20) were extrapolated to room temperature using Arrhenius and Eyring equations employing data measured in toluene at 333 K. In both cases, thermal relaxation halflives of days were determined for 1 (τ 1/2 = 14.1 � 0.7 days; k E! Z = (5.7 � 0.3) × 10 À 7 s À 1 ) and 2 (τ 1/2 = 24.2 � 1.0 days; k E!Z = (3.3 � 0.1) × 10 À 7 s À 1 ). These half-lives are 4 orders of magnitude shorter than what is observed in the parent hydrazone (τ 1/2 = 324 years). [13] We previously discovered that having EDGs (À OMe or À NMe 2 ) at the stator ring or EWG (À NO 2 ) at the rotor ring will lead to rate acceleration. Our hypothesis is that these substituents impart a single-bond character on the C=N double bond, resulting in rotation around this bond as the major thermal relaxation pathway, as opposed to inversion at the imine nitrogen. [13] We speculate that the planarizationinduced enhanced conjugation in the hydrazones, also imparts single-bond character on the imine bond (C=N) (Scheme 3), and thus lowers the activation barrier. Moreover, the fjord region in 1 and 2 is more crowded in the E isomer (Scheme 3) relative to the parent system. We hypothesize that the resulting steric hindrance destabilizes the ground state thus decreasing the activation barrier further. We therefore attribute the day-scale half-lives observed in 1 and 2 to the combined effects of enhanced conjugation and the destabilization of the over-crowded ground state. As for the difference in rate between 1 and 2, this effect may result from the resonance structure depicted in Scheme 3 being slightly less favorable in 2, because of the electron withdrawing substituent.
In summary, we synthesized two new hydrazone switches that based on X-ray crystallography data are more planar than the parent system as a result of cyclization. Both molecules show red-shifted absorption bands for the Z and E isomers relative to their twisted counterparts. Moreover, the increased crowdedness at the fjord region in the E form, along with the enhanced conjugation, bring about a 4 orders of magnitude acceleration in the thermal relaxation rates. This work sheds further light on the origins of the bistability of the newly developed hydrazone photoswitches, and ways to tune it. The structural similarity of 1 and 2 to the bioactive isochroman and/ or its derivatives [17] also makes this class of hydrazone switches promising candidates for future photopharmacological applications.
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